The effects of changing the time course of action potential repolarization on the amplitude and coupling interval of delayed afterdepolarizations were studied in small preparations of coronary sinus atrial fibers exposed to catecholamines. Repolarization was accelerated or retarded by current pulses passed through an intracellular microelectrode in the depolarizing or repolarizing direction. Acceleration of repolarization decreased the amplitude of delayed afterdepolarizations, prolonged their coupling interval to the action potential upstroke, and prevented triggered activity. Prolonging the time for repolarization increased afterdepolarization amplitude, shortened the coupling interval, and caused triggered activity. The afterdepolarization amplitude and coupling interval had a linear relationship to the duration of the action potential plateau. In some preparations, the action potential plateau increased spontaneously at stimulation rates that caused afterdepolarization amplitude to increase and triggering to occur, and this may have contributed to the occurrence of triggering. The effects of action potential repolarization on delayed afterdepolarizations suggest that pharmacological agents such as antiarrhythmic drugs which alter action potential duration should influence afterdepolarizations. Drugs which shorten action potential duration might prevent triggered activity from occurring, whereas drugs which prolong duration might cause triggering. (Circ Res 55: 110-115, 1984) 
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The Time Course of Action Potential Repolarization Affects Delayed Afterdepolarization Amplitude in Atrial Fibers of the Canine Coronary Sinus Berthold Henning and Andrew L. Wit From the Department of Pharmacology, College of Physicians and Surgeons of Columbia University, New York, New York SUMMARY. The effects of changing the time course of action potential repolarization on the amplitude and coupling interval of delayed afterdepolarizations were studied in small preparations of coronary sinus atrial fibers exposed to catecholamines. Repolarization was accelerated or retarded by current pulses passed through an intracellular microelectrode in the depolarizing or repolarizing direction. Acceleration of repolarization decreased the amplitude of delayed afterdepolarizations, prolonged their coupling interval to the action potential upstroke, and prevented triggered activity. Prolonging the time for repolarization increased afterdepolarization amplitude, shortened the coupling interval, and caused triggered activity. The afterdepolarization amplitude and coupling interval had a linear relationship to the duration of the action potential plateau. In some preparations, the action potential plateau increased spontaneously at stimulation rates that caused afterdepolarization amplitude to increase and triggering to occur, and this may have contributed to the occurrence of triggering. The effects of action potential repolarization on delayed afterdepolarizations suggest that pharmacological agents such as antiarrhythmic drugs which alter action potential duration should influence afterdepolarizations. Drugs which shorten action potential duration might prevent triggered activity from occurring, whereas drugs which prolong duration might cause triggering. (Circ Res 55: 110-115, 1984) DELAYED afterdepolarizations are subthreshold depolarizations occurring after repolarization of the action potential is complete or nearly complete (Cranefield, 1977) . This definition is a descriptive one, and does not imply a specific mechanism. A number of different factors can cause delayed afterdepolarizations, including cardiac glycosides (Davis, 1973; Ferrier et al., 1973; Rosen et al., 1973; Ferrier, 1977) , solutions low in K + (Eisner and Lederer, 1979; Hiraoka et al., 1981) , or high in Ca ++ (Tempte and Davis, 1967) . Wit and Cranefield (1977) and Wit et al. (1980 have previously shown that delayed afterdepolarizations and triggered activity can be caused by norepinephrine in the atrial fibers of the canine coronary sinus. This region appears to be more prone to the effect of catecholamines than other parts of the atria or ventricles (e.g., Nathan and Beeler, 1975) . A transient inward current has been shown to generate the delayed afterdepolarizations caused by cardiac glycosides (Lederer and Tsien, 1976; Kass et al., 1978a Kass et al., , 1978b Karagueuzian and Katzung, 1982) , low K + (Eisner and Lederer, 1979) , or high Ca ++ solutions (Vassalle and Mugelli, 1980) . The transient inward current can be activated by repolarization after a depolarizing voltage clamp pulse.
Increasing the magnitude of the depolarization in the plateau voltage range increases the magnitude of the current and causes the peak to be reached more rapidly. The transient inward current also increases in amplitude with increasing duration of the voltage clamp pulse (Lederer and Tsien, 1976; Karagueuzian and Katzung, 1982; Vassalle and Mugelli, 1980) . Therefore, the amplitude and duration of the action potential plateau is also expected to influence the time course and amplitude of these delayed afterdepolarizations.
The membrane current(s) causing the catecholamine-induced delayed afterdepolarizations in the coronary sinus, however, have not yet been elucidated. Many of the properties of these delayed afterdepolarizations which might eventually enable their mechanisms to be defined must still be determined. One important unknown is the influence of the prior depolarization on the characteristics of the afterdepolarizations. Is it similar to that shown in the other experiments on delayed afterdepolarizations referred to above? We have, therefore, studied the effects of changing the time course of action potential repolarization on the afterdepolarizations in atrial fibers of the coronary sinus (Henning and Wit, 1981) .
Methods
Mongrel dogs weighing 10-25 kg were anesthetized with sodium pentobarbital (30 mg/kg, iv). The hearts were then removed rapidly through a thoracotomy and rinsed in cool modified Tyrode's solution with the following composition in HIM: NaCl, 137; KC1, 4; NaHCO 3/ 24; dextrose, 5.5; NaH 2 PO 4 , 1.8; MgCl 2 , 0.5; CaCl 2 , 2.7. The entire coronary sinus was removed from the heart, cut open along its length, and pinned out flat (Wit and Cranefield, 1977) . Then, under a dissecting microscope, small strips of tissue 1-2 mm long and less than 1 mm wide were carefully dissected from the internal surface of the opened coronary sinus Boyden et al., 1983a Boyden et al., , 1983b . The coronary sinus strips were suspended between insect pins (100 yum wide) in the narrow channel of a fast flow system (Gadsby and Cranefield, 1977) and were superfused with the Tyrode's solution at a rate of 6 ml/min. The superfusing solution was gassed with 95% O 2 -5% CO 2 and preheated before entering the chamber. The pH of the solution was 7.3-7 .4. The temperature was monitored with a small thermistor bead positioned close to the preparation. The experiments were carried out at 35-37°C, but during any single experiment, the variation in temperature was less than ±0.2°C.
The quiescent preparations were initially superfused for 30-60 minutes with the Tyrode's solution. After that time, resting potentials were around -60 mV (Wit and Cranefield, 1977; Boyden et al., 1983a Boyden et al., , 1983b . Then, for all experiments, norepinephrine was added to the superfusate from a stock solution with a concentration of 1 mg/ml to give final concentrations ranging from 1 X 10~8 to 5 X 10~7 M. The disodium salt of ethylenediaminetetraacetic acid (EDTA) was also added (final concentration, 10 HM) to prevent oxidation of the catecholamine (Furchgott, 1955) . The concentration of norepinephrine chosen for each experiment was sufficient to produce hyperpolarization to between -70 and -90 mV, and to cause delayed afterdepolarizations (Wit and Cranefield, 1977; Boyden et al., 1983b) . Most of the cells in each individual preparation had afterdepolarizations with similar amplitudes.
After exposure to norepinephrine, the preparations were stimulated through external bipolar electrodes (Teflon-coated silver wire) with rectangular pulses 1.5 to 2 times threshold and 1-2 msec in duration. Intracellular potentials were recorded with conventional microelectrodes filled with 3 M KC1. Rectangular current pulses from a constant current generator were injected intracellularly through microelectrodes filled with 1.6 M K-citrate and 0.8 M KG and positioned less than 100 ^m from the recording microelectrode. Additional details on the techniques and instrumentation for recording transmembrane potentials and applied currents are described in Boyden et al. (1983a Boyden et al. ( , 1983b .
The preparations were driven at a constant cycle length of 10 seconds. Diastolic potential, action potential duration, and afterdepolarization time course and amplitude were constant, and triggered activity did not occur at this stimulus cycle length in 27 experiments. In three experiments, triggered activity occurred even at this long stimulus cycle length (see results). Action potential duration was changed by depolarizing or repolarizing current pulses applied during the plateau phase, beginning 10 to 25 msec after the peak of the upstroke and lasting for 50 to 110 msec. The duration of a sequence of successively driven action potentials was changed either randomly (some lengthened, some shortened) or progressively in one direction (different degrees of lengthening and/or shortening), and the effects on afterdepolarization amplitude and coupling interval were determined. After each sequence of action potentials, during which current had been applied, we always verified that the original steady state control situation was present by observing action potential duration and afterdepolarization amplitude in the absence of current.
Action potential duration was measured until repolarization intercepted the 0-mV voltage axis and to 90% of complete repolarization (90% of the steady state diastolic potential). Afterdepolarization amplitude was measured from the peak positive voltage during the afterdepolarization to the level of membrane potential after repolarization of the afterdepolarization. Afterdepolarization coupling interval was measured from this peak amplitude to the midpoint of the action potential upstroke. Figure 1 , lefthand panels, shows the records from an experiment in which action potential duration was shortened, and illustrates the effects of shortening duration on the afterdepolarization. The results of this experiment are representative of a series of 25 experiments in which this was accomplished. The control, steady state action potential and delayed afterdepolarization at the 10-second drive cycle length are shown in the top left panel. Panels (DAD) . The bottom traces show the amount of current passed through the intracellular microelectrode (hyperpolarizing current shown by downward deflection). Norepinephrine concentration in the superfusate was I x JO" 8 M Records from two different preparations are shown. In the left panels, the control action potential duration to the 0-mV level (APDo) is 88 msec; DAD amplitude is 28 mV. In panel A, APD 0 is decreased to 75 msec, and DAD amplitude to 13 mV; in panel B, APD 0 is decreased to 60 msec, and DAD amplitude to 5 mV. In the right panels, the control APDo is 63 msec, while DAD amplitude is 4 mV. In panel A, APD 0 is increased to 75 msec, and DAD amplitude to 23 mV, in panel B, APD 0 is increased to 88 msec and triggered activity occurs.
Results
A and B show records of the next two stimulated action potentials during which repolarization was accelerated by repolarizing current pulses with increasing strength but the same duration. The peak plateau voltage is not displaced, but action potential duration at the 0-mV level and to 90% repolarization is reduced; the reduction is greater in B than in A. A decrease in the afterdepolarization amplitude and an increase in its coupling interval is associated with the reduction of action potential duration; the greater the acceleration of repolarization, the more the reduction of the afterdepolarization amplitude.
In three experiments, there was a progressive, spontaneous increase in amplitude of the delayed afterdepolarizations with each stimulated impulse at the 10-second stimulus cycle length until triggered activity occurred. Triggered activity stopped spontaneously after 30-60 seconds . After triggered activity stopped, afterdepolarization amplitude was small, and then increased progressively during stimulation until triggered activity occurred again. This sequence of events kept repeating itself. In these experiments, triggered activity could always be prevented by shortening the action potential duration. Records from one of these experiments are shown in Figure 2 . The first action potential and delayed afterdepolarization at the left are actually the 14th during the period of drive after prior termination of triggered activity. The amplitude of the afterdepolarization is almost large enough to cause triggering; based on the results of prior stimulation periods in this preparation, triggering would have occurred after the next or following action potential. However, the duration of action potential 2 in the figure was decreased with a repolarizing current pulse, and the afterdepolarization amplitude was markedly diminished, so that triggered activity was prevented. The amount of injected current then was I Or mV -100 lOOi nA 10 sec Circulation Research/Vol. 55, No. 1, July 1984 decreased during the 3rd, 4th, and 5th action potentials, gradually increasing action potential duration and afterdepolarization amplitude. No current was applied during the 6th action potential, and triggered activity occurred immediately.
In canine coronary sinus fibers exposed to norepinephrine, membrane potential during repolarization often increases to a more negative voltage than the steady state diastolic membrane potentialthere is an afterhyperpolarization (Cranefield, 1977) (see Fig. 1 control) . In our experiments, the repolarizing current pulses always caused an increase in this afterhyperpolarization (Fig. 1, left panels A and  B) . Since it is possible the afterhyperpolarizations caused by the current pulses might influence the time course and voltage change of the following delayed afterdepolarizations, we investigated in five experiments the effects of afterhyperpolarizations caused by rectangular current pulses applied after repolarization was complete so that action potential duration was not affected. Hyperpolarizing pulses of different duration and amplitude were used. Representative results from one experiment are shown in and 200-msec current pulses of different amplitudes, applied at the end of repolarization. These current pulses did not affect APD 0 or APD m increasing strengths. The afterhyperpolarizations caused by current pulses 50-100 msec in duration did not affect the afterdepolarization amplitude, although 100-msec pulses shortened the coupling interval. Long afterhyperpolarizations with 200-msec current pulses were followed by afterdepolarizations with increased amplitude and shorter coupling intervals, as illustrated by the records in the bottom row in Figure 3 . From these experiments, we conclude that, in fibers in which action potential duration was shortened by repolarizing current pulses, the decrease in afterdepolarization amplitude was not a consequence of the afterhyperpolarization caused by the current pulse. This afterhyperpolarization was always similar to the ones caused by the 50-to 100-msec current pulses in Figure 3 .
Prolonging the time course of action potential repolarization with depolarizing current pulses applied during the plateau had the opposite effect on afterdepolarizations; it increased their amplitude and shortened their coupling interval. In these experiments, there was also a small positive shift of the plateau voltage by 2-4 mV. Figure 1 , righthand panels, illustrates the results of an experiment in which action potential repolarization was prolonged. The results are representative of the series of 20 experiments in which this was done. The control action potential and afterdepolarization at the 10-second stimulus cycle length are shown at the top. Prolonging the duration (and increasing the plateau height) in A immediately increased the afterdepolarization amplitude and shortened the coupling interval. Further prolongation of the action potential duration in B caused the afterdepolarization to reach threshold, and triggered activity occurred.
In all these experiments in which action potential repolarization was altered by current pulses, there was a positive linear relationship between the afterdepolarization amplitude and the action potential duration, measured either to 0 mV or 90% duration. The slope of the line describing this relationship was different for different experiments (Fig. 4, left panel) . 113 Also, in all experiments, there was a positive linear relationship between the amplitude of the afterdepolarization and its coupling interval which also varied in the different experiments (Fig. 4, right  panel) . The data shown in Figure 4 are from the two experiments in which the maximum and minimum changes occurred. The rest of the experiments showed linear slopes over a range intermediate between these two. Although, in the experiments in which repolarization was prolonged, the increase in plateau amplitude may also have altered the afterdepolarizations, we could not distinguish between influences of plateau amplitude and duration.
We considered the possibility that spontaneously occurring increases in action potential duration might cause the increases in afterdepolarization amplitude which result in triggering at critical stimulation cycle lengths (Wit and Cranefield, 1977; . In 28 experiments, we stimulated the fibers at this critical cycle length following a 30second quiescent period. We found two different types of responses which are illustrated in Figure 5 . The left panel shows the results of an experiment in which action potential duration did not change very much during the period of stimulation. The first driven action potential and the accompanying afterdepolarization are indicated by the black arrows. During the next 12 driven action potentials (superimposed), membrane potential depolarized by 5 mV, and a slight positive shift of the plateau level occurred. Action potential duration to 0 mV or to 90% repolarization increased by less than 5 msec. The afterdepolarization amplitude increased markedly, and there was a decrease of the coupling interval. A triggered action potential occurred after the 12th stimulated impulse. Similar results were obtained in 17 other preparations in which duration to 0 mV or to 90% of complete repolarization increased from 1 msec to less than 10 msec during the stimulation period. The right panel of Figure 5 shows an example of an experiment in which the time course of repolarization and the height of the plateau markedly increased during the period of stimulation. The 4 . Relationship between delayed afterdepolarization amplitude (ordinate) and action potential duration at the 0-mV level (APDonv) (abscissa) is shown for two representative experiments, each indicated by a different symbol, in the left panel. The relationship between the DAD amplitude and the coupling interval for two experiments is shown in the right panel.
100msec FIGURE 5. Effects of stimulation at a cycle length that causes triggered activity on action potential repolarization and delayed afterdepolarization amplitude in fibers from two different preparations. In each panel, superimposed action potentials and afterdepolarizations are shown during a stimulation train. The first stimulated action potential and afterdepolarization are indicated by the solid black arrows; the last stimulated action potential and afterdepolarization before triggered activity occurred are indicated by the unfilled arrows. Norepinephrine concentration in the superfusate was 5 x 10' 7 M.
repolarization phase and afterdepolarization of the first stimulated action potential in this sequence are indicated by the solid black arrows. There is no distinct plateau phase on the action potential. During the subsequent stimulated impulses, maximum diastolic potential declined and a plateau phase appeared. The level of the plateau occurred at progressively more positive voltages, and its duration increased with each stimulated impulse. At the same time there was a progressive increase in afterdepolarization amplitude and a shortening of the afterdepolarization coupling interval until a triggered action potential occurred. A similar increase in action potential duration and plateau amplitude was observed in 11 fibers. In these fibers, application of repolarizing current to prevent the maximal increase in plateau duration (see Fig. 2 ) prevented the occurrence of triggered activity. In general, in each of the small preparations, all the cells from which we recorded transmembrane potentials showed similar characteristics, although in larger preparations (Wit and Cranefield, 1977) there appears to be a gradation between the cell types shown in Figure 5 . Tsien et al. (1979) have proposed that the transient inward current which causes digitalis-induced delayed afterdepolarizations is carried by Na + and perhaps other cations through a nonspecific membrane channel (Kass et al., 1978a (Kass et al., , 1978b . The permeability of this channel is transiently increased on repolarization under conditions that promote elevated Caj. The mechanism for the intracellular calcium release that causes the transient inward current on repolarization is still not well understood (Tsien et al., 1979; Kass and Tsien, 1982) . However, the observations that increasing the amplitude or duration of the depolarization used to elicit the transient inward current in voltage clamp studies, increases this current (Lederer and Tsien, 1976; Vassalle and Mugelli, 1980; Karagueuzian and Katzung, 1982) suggests that this intervention might increase Ca ++ entry into the cell, either via the slow inward current (Kass et al., 1976; Reuter, 1979; Coraboeuf, 1980) or by some other mechanism (Vassalle and Mugelli, 1980) . We do not know whether the mechanism for the delayed afterdepolarizations caused by norepinephrine in coronary sinus fibers is similar to the mechanism described above. Norepinephrine increases the plateau height in coronary sinus fibers (unpublished observations), as it does in other cardiac preparations (Reuter, 1974; Nathan and Beeler, 1975) . The effect on the plateau is believed to result from an increase in slow inward current (Reuter, 1967 (Reuter, , 1979 Scholz, 1977a, 1977b; Tsien et al., 1972; Vassort et al., 1969) . The increase in slow inward current in ventricular muscle is accompanied by a net influx of Ca ++ (Rahn and Reuter, 1966) . If this also occurs in coronary sinus fibers, it may load Circulation Research/Vol. 55, No. 1, July 1984 the sarcoplasmic reticulum, leading to the release required for activation of a transient inward current according to the hypothesis of Kass et al. (1978a Kass et al. ( , 1978b . In sheep Purkinje fibers, norepinephrine also increased the range of depolarization and repolarization potentials at which the transient inward current occurred, increased its amplitude, and caused it to peak sooner (Vassalle and Mugelli, 1980) . Norepinephrine, however, might also cause oscillatory changes in membrane potential by other mechanisms. Other mechanisms for pacemaker oscillations are reviewed in the articles by Tsien et al. (1979) and Brown et al. (1979) .
Discussion
If a mechanism similar to that which causes the transient inward current in Purkinje and ventricular muscle fibers also causes afterdepolarizations in coronary sinus fibers, the afterdepolarization amplitude should be influenced by the duration of the action potential and amplitude of the plateau which are the natural depolarizing stimuli for eliciting the afterdepolarization. We found that-in fact-accelerating repolarization (Cranefield and Hoffman, 1958) diminished afterdepolarization amplitude, whereas prolonging repolarization and increasing plateau amplitude increased afterdepolarization amplitude, and even caused triggered activity. Changing action potential repolarization might influence Ca ++ entry, as discussed previously. However, other possible effects of changing action potential repolarization must not be neglected. Changes in inward sodium current or in outward currents during repolarization might have influenced the membrane currents, causing the afterdepolarization in our study. Thus, the response of the afterdepolarizations to changes in repolarization of the action potential do not prove that changes in Ca ++ influx are an important factor in the genesis of these delayed afterdepolarizations.
That changes in action potential duration of coronary sinus fibers have profound influences on afterdepolarizations may have physiological and pharmacological consequences. Action potential duration sometimes increased at drive cycle lengths that caused an increase in afterdepolarization amplitude (Fig. 5) . It is likely that the increase in duration is one of the causes of the increased afterdepolarization amplitude that leads to triggering in these fibers, since prevention of the increase in action potential duration prevents triggering or prolongs the stimulus period necessary to cause triggered activity. However, since afterdepolarization amplitude can also increase without marked changes in action potential duration, the change in duration is not the only cause, and not the most important cause for triggering. The reason why action potential duration increases with drive in some fibers is unclear, as is the reason for the variability in these results. The effects of stimulation on action potential duration and shape is very complex, and there are major differences among different types of tissues and species (Carmeliet, 1977; Boyett and Jewell, 1980) . We also predict, from our results, that pharmacological agents which alter action potential duration should influence afterdepolarizations, even if they have no direct effect on the transient inward current. Antiarrhythmic drugs which shorten action potential duration might prevent triggered activity from occurring. Drugs which prolong action potential duration might increase afterdepolarization amplitude and cause triggered activity (Henning and Wit, 1982) .
